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Abstract 17 
This paper is focused on the effect of TiC nano-reinforcement that was 18 
successfully introduced into a SAC305 lead-free solder alloy with different weight 19 
fractions (0, 0.05, 0.1 and 0.2wt %) through a powder-metallurgy route. Actual 20 
retained ratios of TiC reinforcement in composite solder billets and solder joints were 21 
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quantitatively analysed. The obtained SAC/TiC solders were also studied extensively 22 
with regard to their coefficient of thermal expansion (CTE), wettability and thermal 23 
properties. In addition, evolution of interfacial intermetallic compounds (IMCs) and 24 
corresponding changes in mechanical properties under thermal ageing were 25 
investigated. Only about 10%-30% of initial TiC nanoparticles added were found 26 
retained in the final composite solder joints. With an appropriate addition amount of 27 
TiC nanoparticles, the composite solders exhibited an improvement in their 28 
wettability. A negligible change in their melting point and a widened melting range 29 
were found in composite solders containing TiC reinforcement. Also, the CTE of 30 
composite solder alloys was effectively decreased when compared with the plain SAC 31 
solder alloy. In addition, a growth of interfacial IMCs in composite solder joints was 32 
notably suppressed under isothermal ageing condition, while their corresponding 33 
mechanical properties of composite solder joints significantly outperformed those of 34 
non-reinforced solder joints throughout the ageing period. 35 
Key words: TiC nanoparticles; Lead-free solder; Wettability; Interfacial IMC; 36 
Mechanical properties; Isothermal ageing 37 
1. Introduction 38 
Sn-Ag-Cu lead-free solders are now widely applied in the electronic packaging 39 
industry thanks to their excellent mechanical properties, good solderability and low 40 
environmental damage [1-3]. However, with a continuing trend of miniaturization and 41 
high integration in electronics, Sn-Ag-Cu solder joints are more frequently exposed to 42 
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higher current density, larger joule heat and bigger thermal-mechanical stress.  In 43 
such case, the SAC solder joints are increasingly threatened by reliability problems 44 
like thermal creep, electro-migration and thermo-migration.  Thus, properties of 45 
Sn-Ag-Cu solders should be further improved to fulfil higher requirements resulted 46 
from the current needs of the electronics industry.  47 
At present, introducing an appropriate amount of foreign particles into the matrix 48 
of a traditional solder alloy is regarded as a potentially feasible approach to improve 49 
the performance of the solder alloy. Up to now, many researchers have widely 50 
investigated the influence of different foreign reinforcements (such as metals, 51 
carbon-based materials and ceramics) on microstructural evolution as well as physical 52 
and mechanical properties of solder alloys [4-9]. From all the reinforcements studied, 53 
ceramic particles attracted more attention because of their relatively low cost and 54 
chemical stability. Fouzder et al. [10] reported that incorporation of Al2O3 55 
nanoparticles showed a positive effect on microstructural refinement of a solder 56 
matrix and improvement of both microhardness and shear strength of solder joints. 57 
Through adoption of mechanical mixing, Tsao et al. [11] fabricated a Sn-0.7Cu 58 
nano-composite solder containing TiO2 nanoparticles. They found that a β-Sn phase 59 
and Cu6Sn5 IMCs were refined, while mechanical properties were improved 60 
compared to those of a eutectic Sn-0.7Cu solder. Shen et al. [12] incorporated ZrO2 61 
nanoparticles into Sn-9Zn solder matrix and then studied microstructural evolution 62 
and mechanical properties of plain and composite Sn–9Zn solders joints. They 63 
reported that addition of ZrO2 nanoparticles to the solder joints significantly improved 64 
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their reliability and shear strength after multiple reflows.  65 
However, in comparison to other ceramic particles, widely recognized 66 
reinforcement in metal-matrix composites, TiC is rarely mentioned by researchers 67 
active in the research field of composite-solder. As we know, TiC is one typical metal 68 
carbide with excellent chemical stability and high melting temperature (3067ºC); it 69 
also exhibits good mechanical properties, with an elastic modulus of approximately 70 
400 GPa and a shear modulus of 188 GPa [13-15]. Additionally, relatively high 71 
electrical and thermal conductivity also make TiC a potential reinforcement for 72 
composite solders without affecting significantly their performance. To date, however, 73 
the influence of adding TiC nanoparticles on microstructural evolution, physical 74 
properties and solderability of Sn-Ag-Cu solder alloys has not been studied in detail 75 
yet. Thus, not only the retained ratio of TiC reinforcement added in SAC/TiC 76 
composite solder joints but also their physical properties and solderability are studied 77 
in this work. In addition, microstructural evolution of Sn-Ag-Cu/TiC composite solder 78 
alloys together with the corresponding mechanical properties after different thermal 79 
ageing periods is also systematically investigated.   80 
2. Materials & Experimental methods  81 
2.1. Materials  82 
SAC305 (wt. %) lead-free solder powder with an average particle diameter of 83 
40μm was purchased from Suzhou EUNOW Electronic Materials (China). TiC 84 
nanoparticles (with diameter in the range of 20-40 nm) used as reinforcement in the 85 
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present work were provided by XFNANO Materials Tech (China); their transmission 86 
electron microscope (TEM) images are shown in Fig. 1.  87 
2.2. Preparation of composite solders  88 
To prepare the composite solders for this study, TiC nanoparticles with different 89 
weight fractions (0%, 0.05%, 0.10% and 0.20%), were homogeneously blended with 90 
the as-purchased SAC305 lead-free solder powder using a planetary ball mill for 20 91 
hours at speed of 180 rpm. Specifically, to avoid impurities (especially, other metal 92 
elements) introduced by mixing, milling jars and balls made of super-hard zirconia 93 
were employed as the milling media. Then, the ball-milled solder powder was 94 
uniaxially compacted into cuboid solder billets (with dimension of 24 mm × 8 mm × 4 95 
mm) using a hydraulic compressor before being sintered in a vacuum oven with 96 
sintering temperature of 180 ºC for 3hrs. Finally, the sintered solder billets were rolled 97 
into solder foils with thickness of 200±20 μm at room temperature (≈20 ºC). The 98 
as-sintered solder billets  were directly subjected to CTE testing. For the 99 
convenience of wettability, melting behaviour, microstructural and mechanical 100 
analysis, these solder foils were further formed into solder balls (800±10 μm in 101 
diameter) in a reflow oven.  102 
2.3. Experimental procedures 103 
To precisely measure the retained ratio of TiC reinforcement added in the 104 
composite solder billets and final reflowed solder joints, the solder billets and joints 105 
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(20 solder joints for each solder) were first ultrasonically dissolved in aqua regia 106 
before testing using an inductively coupled plasma optical emission spectroscopy 107 
(ICP-OES Varian-720) system with test precision at a ppm level. The retained ratios 108 
of TiC reinforcement were assessed based on an atomic weight fraction of Ti tested 109 
from in the aqua regia solutions.  110 
The levels of CTE of the compacted solder billets after sintering were studied 111 
using a CTE analyzer (DIL 402C, NETZSCH, German) in the temperature range of 112 
50–120ºC. The CTE value was obtained by calculating the linear length changes of 113 
solder billets at different temperature excursions; five samples were tested for each 114 
solder billet. Melting behaviours of both non-reinforced SAC solder and SAC/TiC 115 
composite solders were investigated using a differential scanning calorimeter (DSC). 116 
Specifically, the solder foils with their weight ranging from 5 mg to 10 mg were used 117 
as specimens for DSC tests; a heating rate during the tests was 10ºC/min, and the 118 
highest heating temperature reached up to 250ºC. Wetting behaviour of SAC/TiC 119 
composite solders was investigated by means of measuring their wetting angles and 120 
spreading areas. During these tests, the solder balls with diameter of 800±10 μm 121 
were placed on a polished copper substrate (10 mm × 10 mm × 1.2 mm) with no-clean 122 
flux. After a reflow process in a reflow oven at 245ºC, the contact angles of samples 123 
were subsequently measured using a camera in a contact-angle tester, while spreading 124 
areas of the solder joints were photographed by an environmental scanning electron 125 
microscope (ESEM-Quanta 200) system and then calculated with Image-J software.  126 
For microstructural analysis, after etching in a 10 vol.% HNO3 aqueous solution, 127 
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top-view morphology of interfacial intermetallic compounds (IMCs) between the Cu 128 
substrate and the solder joint was observed using SEM. Further, to understand the 129 
reliability of the new SAC/TiC composite solders, isothermal ageing was also 130 
performed in this study. To implement the ageing test, plain and composite solder 131 
balls were first welded onto experimental Cu chips using a reflow oven. After that, all 132 
samples were placed in a vacuum oven with the ageing temperature of 150ºC and 133 
ageing times of 0 h, 169 h, 324 h and 484 h. Microstructural evolution of interfacial 134 
IMCs at the Cu/solder interface and mechanical properties (including microhardness 135 
and shear strength) of solder joints after different ageing times were systematically 136 
studied. 137 
3. Results and discussion 138 
3.1. Retained ratio of TiC in solder joints 139 
To assess retained ratios of the TiC reinforcement in composite solder billets and 140 
solder joints, the TiC content was analyzed with ICP-OES; the respective results are 141 
presented in Figure 2. A reference line is incorporated in this figure, representing the 142 
ideal case with all nanoparticles remaining in the solder.  143 
Apparently, the amount of TiC reinforcement in the solder billets and joints 144 
increases with the weight fraction of initial reinforcement added solder billets and 145 
joints. However, in both cases, the actual retained ratios of reinforcement show an 146 
obvious difference (especially, in solder joints) compared to the nominal composition. 147 
Specifically, for addition of 0.05, 0.1, and 0.2 wt. % of TiC reinforcement into the 148 
8 
 
SAC solder, the actual contents of TiC in the composite solder billets and solder joints 149 
were only 0.038, 0.082, 0.157 and 0.016, 0.018, 0.019 wt. %, respectively. These data 150 
clearly show that the added reinforcement was lost during the ball-milling and reflow 151 
processes. On the one hand, some part of reinforcement was not embedded into a 152 
surface of solder powder during the former process; it was left on surfaces of milling 153 
balls and milling jars, leading to a loss in the retained ratio of reinforcement (RROR) 154 
in the solder billets. In addition, evidently, the RROR was additionally diminished 155 
considerably during the reflow process: only a small fraction (approximately 10-30 156 
wt. %) of the total amount of TiC remained in the final solder joints. TiC, as a ceramic 157 
material, is difficult to wet reactively by the molten Sn-based solder during reflow 158 
process. As a result, relatively large interfacial tension between TiC and the molten 159 
solder could cause the exclusion of reinforcement from the solder joints, resulting in a 160 
further loss in RROR in solder joints. 161 
3.2. CTE 162 
The effects of foreign reinforcement on a magnitude of CTE of the composite 163 
solder alloys for a broad range of temperature was widely reported [16-17]. To 164 
understand thermal-expansion behaviour of composite solders, in the present work, 165 
the effect of TiC reinforcement on the instantaneous CTE of composite solders was 166 
studied. Evolution of CTE with temperature curves in the range from 50-120ºC is 167 
presented in Fig. 3 for plain and composite solders. Apparently, the CTE values 168 
increased with increasing temperature for all the studied compositions, with the 169 
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composite solders exhibiting lower CTEs than that of the SAC solder without 170 
reinforcement. In particular, the CTE of the composite colder with the highest fraction 171 
of reinforcement - SAC/0.2TiC – was some 8-10% lower than that of the plain SAC 172 
throughout the whole studied temperature range. The obtained results illustrate that 173 
addition of TiC reinforcement facilitated improvement of dimensional stability of the 174 
composite solders in this temperature range. This phenomenon could be explained by 175 
a significantly lower CTE magnitude of TiC - 7. 4×10-6/K - compared to that of the 176 
SAC solder alloy - 29.1×10-6/K [18-19]. During heating, thermal expansion of the 177 
SAC solder matrix could be restricted by TiC reinforcement and effective bonding 178 
between it and the matrix. 179 
3.3. Thermal behaviour  180 
The melting point is a primary physical parameter to consider suitability of a 181 
solder alloy for applications in the electronic packaging industry. In this research, the 182 
melting point of different solders was identified using DSC curves. In general, the 183 
melting point is defined as the interaction of the extrapolated baseline and the tangent 184 
line of the maximum slope in the principle peak. The melting points of both plain and 185 
composite  samples in this study are thus calculated in the range between 219.86 ºC 186 
and 220.08 ºC (Fig. 4). These results indicate that the low weight fractions of TiC 187 
have a little effect on the melting point of the solder alloy. It was proposed by 188 
Lindemann [20] that the melting point of a material is an inherent physical property, 189 
which is mainly determined by the inter-atomic distance and the atomic mean-square 190 
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displacements. In this study, the balance between these parameters in the solder alloy 191 
can hardly be broken through adding a small amount of TiC nanoparticles; thus, the 192 
influence of TiC reinforcement on its melting point would be very limited. However, 193 
after calculating the difference between the onset and end of melting for all the 194 
samples, it was found that the melting range of solder alloys exhibits an upward trend 195 
with a growing amount of TiC particles. This range is listed in Table 1 for different 196 
solders; apparently, the melting range for SAC/0.2TiC solder is 4.97ºC, 28.8% higher 197 
than that for the plain SAC solder. The reason for this phenomenon is concluded to be 198 
the difference in thermal conductivities of TiC (16.7 W/m K) and SAC solder (50 199 
W/m K); lower thermal conductivity of reinforcement might reduce total thermal 200 
conductivity of SAC/TiC composite solder and cause the increase in its melting range. 201 
Thus, to improve solderability and applicability of SAC/TiC composite solders, an 202 
optimal addition amount of TiC needs to be further studied. 203 
3.4. Wettability 204 
Building a reliable bonding between a substrate and a solder joint is critically 205 
important for electronic packaging. The quality of such solder bonding is largely 206 
determined by wettability of the solder alloy [21]. In general, solder alloys with larger 207 
spreading areas angles and smaller contact also tend to offer more reliable 208 
interconnections during a reflow process. Thus, in this section, wettability of the 209 
newly prepared SAC/TiC composite solders was investigated by testing their 210 
spreading areas and contact angles on the polished Cu substrate; relevant results are 211 
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presented in Fig. 5. 212 
It was found that the contact angles of solders decreased firstly and then 213 
increased with the increasing content of TiC (Fig. 5), with the data for the spreading 214 
area showing an opposite trend. Specifically, the contact angle firstly decreased - from 215 
34.7° for the non-reinforced SAC to 30.3° for the composite solder with 0.1 wt.% TiC 216 
reinforcement, followed by an upward trend, with the contact angle increasing to 33.8° 217 
for 0.2 wt.% of TiC . Correspondingly, the spreading area of the composite solder 218 
reached the maximum value - 2.168 mm2 when the content of TiC nanoparticles was 219 
0.1 wt.%, which is 10.8% larger than that of plain SAC solder. However, it decreased 220 
to 1.995 mm2 for 0.2 wt.% of nano-reinforcement. These results indicate that the 221 
relatively small addition of TiC nanoparticles into solder matrix contributes to 222 
improve wettability of the composite solder alloys. The possible reason for this 223 
phenomenon is that the appropriate TiC nanoparticles doped tend to accumulate at the 224 
interface between the flux and the molten solder during reflowing, lowering the 225 
interfacial surface energy and leading to reduced interfacial tension between them, 226 
forming eventually a smaller contact angle. Nevertheless, the excess of TiC 227 
reinforcement might increases viscosity of the molten solder, hindering its spreading. 228 
Additionally, higher fractions of TiC nanoparticles may result in their aggregation at 229 
the solder/flux interface, increasing the interfacial tension and thus leading to the 230 
decrease in wettability.  231 
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3.5. Microstructural analysis   232 
To understand the effect of TiC reinforcement on morphology of interfacial 233 
IMCs between the solder and the Cu substrate, the top-view SEM images of 234 
interfacial IMCs were obtained in this study. Typical SEM images of plain SAC and 235 
SAC containing 0.2 wt.% TiC reinforcement are presented in Fig. 6. Apparently, 236 
morphology of interfacial IMCs, namely Cu6Sn5, exhibited obvious changes after TiC 237 
addition，from circular granular to interlaced short rods. In addition to this, grain sizes 238 
of these interfacial IMCs also show a difference: an average diameter of interfacial 239 
Cu6Sn5 grains (d1 in Fig. 6c) in the SAC/Cu system is 1.75±0.3 μm, while the 240 
counterpart data (d2 in Fig. 6d) for SAC/0.2TiC/Cu is 0.72±0.2 μm. Besides, some 241 
strip-like Cu6Sn5 IMCs with a larger size were found formed above the interfacial 242 
IMC layer (Fig. 6b). 243 
These transformations in morphology and the grain size of the interfacial IMCs 244 
were defined by reaction kinetics; a schematic of Cu and Sn fluxes at the solder/Cu 245 
interface are shown in Fig. 7. For the SAC/Cu system, fluxes of Cu and Sn atoms, 246 
coming from the Cu substrate and the molten solder, respectively, met directly at the 247 
Cu/solder interface, forming interfacial common Cu6Sn5  -scallop-like or circular 248 
granular. However, the diffusional direction and the interfacial atomic concentration 249 
of Cu and Sn atoms in the SAC/TiC/Cu system might be influenced by TiC 250 
reinforcement. Specifically, as discussed in Section 3.1, TiC would be expelled out of 251 
a solder joint during the reflow process. As shown in Fig.7, the expelled TiC 252 
nanoparticles tend to accumulate at the solder/Cu interface, regarded as a main path 253 
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for TiC exclusion. In such case, the initial diffusional equilibrium for Sn and Cu 254 
atoms would be broken due to the presence of TiC particles, leading to variation in 255 
crystallization conditions of interfacial IMCs and resulting in new Cu6Sn5 with 256 
different morphology. As for the formation of strip-like Cu6Sn5, non-equilibrium 257 
diffusion of Cu atoms and thermal behaviour of the composite solder could give an 258 
explanation. On the one hand, the distribution of expelled TiC at the Cu/solder 259 
interface was not homogeneous, which might generate different diffusion paths (with 260 
different diffusional speeds) for Cu atoms. Additionally, the melting range (mentioned 261 
in Section 3.3) of the solder alloy was widened after TiC addition, providing an 262 
additional time for Cu diffusion. So, some Cu atoms were more likely to use a path 263 
with lower reinforcement and reach inner areas of the molten solder, forming 264 
strip-like Cu6Sn5 with a larger size. 265 
To further understand microstructural evolution of interfacial IMCs, the plain 266 
and composite solder samples were subjected to isothermal ageing. The resulting 267 
morphologies of interfacial IMCs are shown Fig. 8 for all the samples before and after 268 
thermal ageing. It can be seen that the interfacial IMCs of the as-reflowed (0 h) SAC 269 
solder show a common scallop-like morphology, while a “porous” interface was 270 
found in all as-reflowed (0 h) composite solders; the degree of porosity was directly 271 
proportional to the fraction of TiC reinforcement. Based on the above analysis on the 272 
morphology of interfacial IMCs, it can be concluded that the so-called “porous” 273 
morphology is actually a cross-sectional appearance of an interlaced short-rod 274 
structure. Further, by studying line-scanning EDS results (Fig.9a), it could be 275 
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concluded that the “porous” area is filled with TiC reinforcement, resulting from it 276 
exclusion during the reflow process. With increase in the ageing time, thickness of 277 
interfacial IMCs (including Cu6Sn5 and Cu3Sn) for all samples showed a continuous 278 
growth, while they became more flat in all the solder samples. In addition, the 279 
“porous” interface (especially in SAC/0.2TiC) became more compacted, with “pores” 280 
gradually moving to the top of IMC; their size diminished continuously. According to 281 
the EDS results (Fig.9b), the TiC reinforcement was still present at the smaller “pores” 282 
and the top interface between the IMCs and the solder matrix. This phenomenon 283 
indicates that part of the initially non-expelled TiC reinforcement remained near the 284 
interfacial IMC layer, although their location could change due to the growth of IMC. 285 
Additionally, to study precisely the growth rate of interfacial IMCs, the thickness 286 
data for Cu6Sn5 and Cu3Sn for all the samples was acquired after different ageing 287 
times using software Image J (Fig. 10). Herein, it is necessary to point out that the 288 
“porous area” (black dots in Fig. 9) existed in interfacial IMCs was excluded when 289 
IMC thickness of the composite solders was calculated in order to obtain the real 290 
thickness data. It is evident that interfacial IMCs (in particular, Cu3Sn) showed a 291 
considerable growth in the non-reinforced SAC solder: thickness magnitudes for 292 
Cu6Sn5 and Cu3Sn after 484 h ageing were 9.32±0.24 μm and 3.4±0.12 μm, 293 
respectively, 1.2 and 8.4 times thicker than those before isothermal ageing. As for the 294 
composite solders, although the Cu6Sn5 layers exhibited a similar increasing trend, a 295 
lower growth rate was found throughout the ageing process. Specifically, the changes 296 
in thickness for Cu6Sn5 for SAC/0.05TiC, SAC/0.1TiC and SAC/0.2TiC after 484 h 297 
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ageing were only 69.4%, 22.5% and 5.8%, respectively, far less than those for the 298 
non-reinforced SAC solder. Unlike the considerable growth of Cu3Sn in latter during 299 
the ageing period, the growth of Cu3Sn in the composite solder with TiC 300 
reinforcement was supressed to a great extent (Fig. 10b). Among all three studied 301 
composite solders, the growth rate for Cu3Sn in SAC/0.1TiC was found to be the 302 
lowest. Thickness of Cu3Sn in the aged SAC/0.1TiC solder was only about 1.06 times 303 
thicker than the initial value, which is much thinner than that for its non-reinforced 304 
counterpart. The supressed growth rate of Cu6Sn5 and Cu3Sn can be explained by the 305 
effect of TiC at the Cu/solder interface on diffusion. On the one hand, as proposed by 306 
other researchers in previous studies [22-23], the expelled reinforcements are more 307 
like to adsorb on the surface of interfacial IMCs (Cu6Sn5 is the most possible in this 308 
study), retarding a further growth of IMCs through hindering diffusion. On the other 309 
hand, the enrichment of reinforcement could also decreases a concentration gradient 310 
of Sn atoms at the interface and, thus, lower the growth of interfacial IMC (especially, 311 
for Cu3Sn). In addition, it is worth noting that a slightly larger thickness of Cu3Sn was 312 
observed in the aged SAC/0.2TiC solder joint, compared with SAC/0.05TiC and 313 
SAC/0.1TiC solder joints. This phenomenon could be attributed to a possible increase 314 
in interfacial temperature. As well known, thermal conductivity of TiC and SAC 315 
solder alloy are 50 W/m K and 16.7 W/m K, respectively. If there is a relatively high 316 
quantity of TiC reinforcements at the Cu/solder interface, the level of its thermal 317 
conductivity would be decreased to some extent. In such a case, the interfacial 318 
temperature would be elevated and, in turn, accelerate the diffusion process of Sn 319 
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atom, from inner areas of the solder to the interface. 320 
In addition, to quantitatively study the effect of TiC reinforcement on 321 
microstructural evolution of interfacial IMCs (Cu6Sn5+Cu3Sn), a diffusion coefficient 322 
of different solder alloys under thermal ageing (150ºC) were also calculated 323 
employing an empirical diffusion formula as follows: 324 
                         𝑋𝑋𝑡𝑡 = 𝑋𝑋0 + √𝐷𝐷𝐷𝐷                         (1) 325 
where 𝑋𝑋𝑡𝑡 is the overall IMC thickness (in m) at the ageing time 𝐷𝐷 (in s), 𝑋𝑋0 is the 326 
initial thickness after one reflowing, and 𝐷𝐷 is the diffusion coefficient (in m2/s). 327 
From Eq. (1) and the data presented in Fig. 10a, the diffusion coefficients of SAC, 328 
SAC/0.05TiC, SAC/0.1TiC and SAC/0.2TiC were calculated to be 14.9277, 5.5511, 329 
1.0305 and 0.3042 (×10−18m2/s), respectively. This result could also explain the 330 
suppressed growth of interfacial IMCs after TiC addition.  331 
3.6. Mechanical properties  332 
Mechanical properties (including shear strength and microhardness) of the 333 
studied solder alloys exposed to ageing of different durations were also studied; the 334 
results of mechanical testing are presented in Figs. 11 and 12 together with typical 335 
microstructures of the solder matrix. Shear test results (Fig.11a) demonstrate that 336 
initial shear strength (before thermal ageing) of the composite solders containing 337 
relatively small amounts of TiC is similar (≈ 48.5 MPa) to that of the non-reinforced 338 
solder. However, the composite solder with a higher content of reinforcement (0.2wt.% 339 
TiC) exhibited lower shear strength (approximately，46.8 MPa) compared to that of 340 
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the non-reinforced counterpart. This phenomenon could be explained by different 341 
interfacial microstructures (Fig. 8). Before ageing (as-reflowed condition), although 342 
the morphologies of interfacial IMCs were slightly different, their thickness data are 343 
relatively close. Thus, such interfacial IMCs with similar thickness determined a 344 
similar response in the shear test. However, when the fraction of reinforcement is 345 
relatively high, morphology of interfacial IMCs was significantly different: its 346 
thickness increased considerably and they seemed more “porous” (as discussed 347 
above); thicker interfacial IMCs and the “porous” structure might directly result in a 348 
decrease in shear strength. Still, as the ageing time increased, although all of samples 349 
showed a downward trend in shear strength, its decline rate for the non-reinforced 350 
solder joint was much higher than that for composite joints. After 484 h ageing, the 351 
average shear strength levels for SAC/0.05TiC, SAC/0.1TiC and SAC/0.2TiC were 352 
44.1 MPa 45.8 MPa and 44.7 MPa, respectively; all of these tested data for composite 353 
solder joints were markedly higher than that for the plain SAC joint(38.2 MPa). The 354 
enhancement in shear strength of composite solder joints are mainly attributable to the 355 
significantly supressed growth of Cu3Sn in the composite solder joints. According to 356 
previous studies, Kirkendall voids are more likely formed in a Cu3Sn layer because of 357 
different diffusional rates of metal atoms [24]. A thinner Cu3Sn layer could help to 358 
retard formation and growth of Kirkendall voids. In this study, it could be found in 359 
Fig. 8 that Kirkendall voids formed in the Cu3Sn IMC layer in the plain SAC solder 360 
after 324 h ageing and their numbers further increased after 484 h; it is regarded as a 361 
main factor causing the decrease in shear strength. In contrast, there were nearly no 362 
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Kirkendall voids formed at interfacial IMCs in the aged composite solder joints. 363 
Therefore, such a more reliable interface with no Kirkendall voids determined their 364 
better shear strength. 365 
In addition to shear strength, the microhardness magnitudes for all the composite 366 
samples were apparently higher than that of the non-reinforced solder throughout the 367 
whole ageing period. Unlike the shear-strength results, the levels of microhardness for 368 
different composites increased with the weight fraction of TiC reinforcement. 369 
Specifically, the microhardness of SAC, SAC/0.05TiC, SAC/0.1TiC and SAC/0.2TiC 370 
were 13.14HV, 14.06HV, 14.39HV and 14.42HV before ageing, while the 371 
corresponding data for these solders after 484 h ageing were 11.86HV, 12.93HV, 372 
13.39HV and 13.52HV, respectively. So, the testing data demonstrate that 373 
microhardness of the studied composite solder joints was approximately 10% higher 374 
than that of the non-reinforced one. Here, a theory of dispersion strengthening could 375 
give an explanation for the observed enhancement of microhardness in composite 376 
solders [25]. Accordingly to the theory, the presence of reinforcements added in grain 377 
boundaries and solder matrices are likely to affect the deformation characteristics of 378 
solder alloys by retarding dislocation movement and impeding grain-boundary sliding 379 
in solder matrices, resulting in improvement in micro-hardness. In addition, the 380 
improvement in microhardness of composite solder joints (especially, after ageing) 381 
can also be explained in terms of microstructural evolution. Apparently coarsened 382 
Ag3Sn IMCs were observed in the non-reinforced SAC solder after 484 h ageing 383 
compared with the microstructure of the as-reflowed sample (Figs. 12a and b). As for 384 
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the SAC/0.2TiC composite solder (see Figs. 12c and d), although Ag3Sn IMCs also 385 
coarsened after thermal ageing, their size was obviously smaller than that of the 386 
non-reinforced solder. The lower growth of Ag3Sn IMCs might be attributed to 387 
adsorption of TiC on the surface of Ag3Sn IMC during the reflow process, which 388 
could, in turn, decrease diffusion during ageing, leading eventually to a finer 389 
microstructure. Since microstructure of an alloy has a crucial effect on its 390 
microhardness, refined Ag3Sn IMCs and the accompanying dispersion-strengthening 391 
effect can thus explain the improvement of microhardness in the studied SAC/TiC 392 
composite solders. 393 
4. Conclusion 394 
SAC305 composite solders reinforced with different fractions of TiC 395 
nanoparticles were prepared using a powder metallurgic method. In addition to their 396 
physical properties and solderability, microstructural evolution of interfacial IMCs 397 
and relevant mechanical properties caused by isothermal ageing of different durations 398 
were also systematically studied. Main experimental results of the undertaken 399 
research are as follows:  400 
1) The presence of TiC reinforcement in the SAC/TiC composite solder matrix was 401 
confirmed with ICP-OES; in addition, the actual retained ratios of TiC particles in 402 
both composite solder billets and joints showed a decline due to their loss in the 403 
ball-mill process and expulsion from the molten solder during the reflow process. 404 
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2) The TiC reinforced composite solders were found have lower CTE values 405 
compared with the non-reinforced SAC solders, indicating their higher 406 
dimensional stability than that of the non-reinforced solder. 407 
3) Negligible changes in the melting point of the composite solders were observed 408 
together with wider melting ranges. The wettability results showed its 409 
improvement with incorporation of TiC nanoparticles into the solder matrix. 410 
4) Morphology of interfacial Cu6Sn5 was transformed from circular granular to 411 
short-rod-like with TiC addition, while the supressed growth rate of interfacial 412 
IMCs was observed in the composite solders during isothermal ageing. In addition, 413 
formation of Kirkendall voids in the interfacial Cu3Sn IMC was retarded to a 414 
large extent. 415 
5) Mechanical testing results indicated that the appropriate doping of TiC 416 
nanoparticles to the solder matrix can lead to an improvement in both shear 417 
strength and microhardness of the composite solders.  418 
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 Fig. 1 TEM images of the original TiC nanoparticles: (a) and (b) bright-field 
images: (c) selected area diffraction pattern 
 
 
 
 Fig. 2 Retained ratios of TiC reinforcement in solder billets and solder joints after 
reflow as function of nominal weight fraction of TiC added 
 
 
 
 
 
 
 
 Fig. 3 Effect of temperature of instantaneous CTE for plain and composite 
solders 
 
 
 
 
 
 
  
  
Fig. 4 DSC curves for different solders: (a) SAC;（b）SAC/0.05 TiC;（c）SAC/0.1 
TiC;（d）SAC/0.2TiC 
 
 
 
 
 Fig.5 Effect of TiC content on contact angle and spreading area of SAC alloys 
 
 
 
 
 
 
 
 
 
  
  
Fig.6 Typical top-view SEM images of interfacial IMCs: (a) and (c) SAC; (b) and (d) 
SAC/0.2TiC   
 
 
 
 
 
 Fig.7 Schematic of Cu and Sn fluxes at interface of SAC/Cu (a) and SAC-TiC/Cu (b) 
 
 
 Fig.8 Morphology of interfacial IMCs before and after thermal ageing: (a)-(d) SAC; 
(e)-(h) SAC/0.05TiC; (i)-(l) SAC/0.1TiC; (m)-(p) SAC/0.2TiC 
 
 
 
 
 Fig.9 (a) EDS results for interfacial IMC of SAC/0.2TiC before ageing; (b) selected 
locations in Fig. 8 (o) and (p). 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig.10 Evolution of thickness of interfacial IMCs with ageing time: (a) Cu6Sn5; (b) 
Cu3Sn 
 
 
 
 
 
 
 
 
 
 Fig.11 Effect of ageing time on shear strength (a) and microhardness (b) of solder 
joints  
 
 
 
 
 
 
 
 
 
 
  
  
Fig.12 Typical microstructures of SAC-0 h (a), SAC-484 h (b), SAC/0.2TiC-0 h (c) 
and SAC/0.2TiC-484 h (d) 
Table 1 Melting parameters of different solder alloys (in ºC) 
 SAC SAC/0.05TiC SAC/0.1TiC SAC/0.2TiC 
Onset melting T  219.31 219.26 219.76 219.34 
End melting T 223.17 223.21 224.02 224.31 
Melting range  3.86 3.95 4.26 4.97 
 
